UV laser crosslinking is a potentially powerful tool to investigate transient DNA-protein interactions and binding kinetics in intact cells. As the processes underlying UV laser crosslinking are not fully understood, we have performed a study of the influence of laser pulses with different physical parameters on crosslinking of the progesterone receptor to an oligonucleotide containing a hormone-responsive element. We also studied the influence of the various parameters on the amount of laser-irradiated DNA that can be correctly primer extended as an operational measurement of DNA integrity. A strong influence of pulse intensity and pulse length on the crosslink yield was found, likely due to a change in the 'two photon' processes responsible for crosslinking. The highest efficiency of protein crosslinking to DNA was achieved with femtosecond pulses and should be sufficient to enable use of this technique for in vivo studies.
INTRODUCTION
Protein-DNA interactions play a major role in molecular biology. They are involved not only in structural organization of the DNA within the cell nucleus, but also in DNA replication, DNA recombination and repair, as well as in gene regulation and transcription. Chemical and enzymatic methods have been developed to study protein-DNA interactions in vitro and, more recently, also in vivo by genomic footprinting (1) . However, many protein-DNA interactions are not strong enough to be detectable with available techniques of genomic footprinting. Therefore, several methods have been used to stabilize these interactions, including chemical (2) (3) (4) and UV light (5) crosslinking. The chemical methods, however, disturb the equilibrium within the cell due to the general reactivity of the chemical agents and UV light generates heat, which can also perturb the interactions under study. Furthermore, both methods are slow, requiring times in the range of minutes. Therefore, they are not suitable for the study of rapid binding kinetics. Crosslinking by short pulsed UV lasers is a potentially powerful tool to investigate such DNA-protein interactions, especially transient interactions and binding kinetics, because the number of photons required for covalent complex formation can be delivered very rapidly, in nano-, pico-or even femtosecond intervals, and the high energy of the pulses should result in efficient crosslinking.
The mechanism leading to UV laser crosslinking can be understood as a two photon process. Starting from the singlet S 0 ground state of the DNA bases there are two possible pathways which could cause crosslinking (Fig. 1 ). Direct two photon excitation via the singlet S 1 intermediate level promotes the DNA bases directly to the high S N level. From the intermediate S 1 level intersystem crossing can also populate the lowest triplet state T 1 , which has a longer lifetime compared with the S 1 state. A second photon then populates the high triplet level T N of the DNA bases. From both the S N and T N levels crosslinking can be induced. The ratio between excitation via the singlet and triplet paths is a critical function of the laser parameters and crosslinking efficiency can be maximized by optimizing the relevant laser parameters.
The practical use of UV lasers, however, depends on the efficiency of the crosslinking reaction as well as on the availability of methods adequate to determine DNA-protein contact points (6) and the identity of crosslinked proteins along the DNA sequences (7, 8) . Although several techniques (8) have been used in the past, a major breakthrough, which will make the method generally attractive, has not yet been achieved. Considerable effort has been devoted in the last few years to studying these questions in various biological models using different laser systems, including nanosecond Nd:YAG lasers (7, 9) , picosecond mode-locked Nd:YAG lasers (10-12) and excimer lasers. The studied model systems include the bacteriophage T4 DNA leading strand replication system (9), the interaction of histones and DNA in chromatin (12, 13) and RNA-protein interactions (10) . Except for the DNA double strand binding transcription factor RAP1 (7), very little is known about the utility of UV lasers for the study of specific interactions between eukaryotic transcription factors or regulatory proteins and their target sequences in DNA.
As a model system to investigate these questions we have chosen the interaction of steroid hormone receptors with their *To whom correspondence should be addressed. Tel: +49 6421 286 286; Fax: +49 6421 285 398; Email: beato@imt.uni-marburg.de + Present address: Deutsche Forschungsanstalt für Luft-und Raumfahrt e.V., Institut für Physik der Atmosphäre, D-82230 Oberpfaffenhofen, Germany Figure 1 . A simplified Jablonsky diagram of the singlet and triplet excited states, potentially mediating crosslinking of the nucleic acid bases and the routes of deactivation of the excited states. I.E., ionization energy; I.C., intersystem crossing; 1 and 6, relaxation without emitting a photon; 2 and 5, relaxation with emission of a photon; 3, singlet excitation; 4, triplet excitation.
cognate binding sequences, the so-called hormone-responsive elements (HRE). Steroid hormone receptors are ligand-activated transactivators which exhibit a modular structure, with a hormone binding domain, a DNA binding domain and several transactivation regions (14) . After binding the hormone, they interact with HREs located within or in the vicinity of regulated promoters and modulate their transcriptional efficiency through direct and indirect interactions with general transcription factors (14) . The three-dimensional structure of the DNA binding domain of some of the receptors has been studied in detail and the mechanism of DNA recognition is well known (for a review see 15 and references therein).
We want to use UV laser crosslinking to follow, within intact cells, hormone-induced formation of a preinitiation complex on the promoter of mouse mammary tumor virus (MMTV), which is strictly dependent on steroid hormones. As a first step toward this goal we have initiated studies with purified recombinant hormone receptors and appropriate HREs. The aim of this investigation was to study the influence of different physical parameters on the yield of DNA-protein crosslinks in vitro, in order to understand the nature of the underlying light-induced processes. A comparison between UV laser crosslinking with nanosecond (ns), picosecond (ps) and femtosecond (fs) pulses should give more insight into the relevant physical processes leading to crosslinking.
Because analysis of the crosslinking events relies on primer extension of the DNA by PCR techniques requiring operational integrity of the DNA double helix flanking the crosslink, it is important to maximize the amount of amplifiable DNA. Although the amount of primer-extendable DNA likely reflects the laser-induced DNA damage (17), we do not address the nature of this damage, but simply correlate the effects of irradiation on crosslinking to the amount of extendable DNA. The results suggest that crosslinking involves a two photon process and that the higher effective crosslinking observed with femtosecond UV laser pulses could help to define protein-DNA interactions in intact cells.
MATERIALS AND METHODS

Band shift assay
As an assay of receptor binding to DNA, we used the band shift assay, which is based on the different mobility of free DNA and DNA-protein complexes in a native polyacrylamide gel (16) . The following synthetic oligonucleotide, which encompasses a palindromic HRE (underlined), was used as specific DNA probe: 5′-AGCTTAGTTTATTAGAACACAGTGTTCTTACCACAA-GGATGG-3′. The oligonucleotide was end-labelled with [γ-32 P]-ATP and T4 polynucleotide kinase and purified through a Sephadex G50 column.
Recombinant rabbit progesterone receptor (PR) was expressed in a baculovirus system (pVL1393; Dianova, Hamburg, Germany) as a histidine-tagged protein and purified to 30% homogeneity through a nickel chelate column. The recombinant protein (9 ng/µl in TGA buffer containing 10 mM Tris-HCl, pH 7.5, 10% glycerol, 1 mM EDTA, 300 mM NaCl) and the oligonucleotide (∼18 fmol, 20 000 c.p.m. by Cerenkov counting) were incubated for 20 min in 25 µl TGA buffer containing 150 ng bovine serum albumin and 1 µg poly(dI·dC) and electrophoresed on a 5% native polyacrylamide gel (acrylamide:bisacrylamide 40:1 in 0.05 M Tris base, 0.045 M boric acid, 0.5 mM EDTA). The gel was dried on Whatman paper and exposed to X-ray film (Kodak BioMax). The retarded complexes were quantitated with a PhosporImager (Molecular Dynamics). For the crosslink experiments we used amounts of PR yielding between 50 and 70% binding of the oligonucleotide probe.
Laser techniques
We used three different laser systems: a Nd:YAG laser, a Ti:sapphire-oscillator-amplifier system and a synchronously modelocked Ti:sapphire laser.
Nd:YAG laser. To study the influence of the total amount of applied energy on the crosslink yield and the DNA damage with nanosecond pulses (pulse duration 5 ns), we used the fourth harmonic of a Nd:YAG laser with an energy per pulse of 20 mJ (Continuum Surelite I) or up to 80 mJ for experiments with high energy pulses (Spectra Physics DCR2) at a repetition frequency of 10 Hz.
Ti:sapphire-oscillator-amplifier system. For the experiments with picosecond pulses we used a Ti:sapphire-oscillator-amplifier system as shown in Figure 2A . Picosecond pulses (pulse length 100 ps) tuneable from 720 to 850 nm from a continuous wave (cw) mode-locked Ti:sapphire laser (Spectra Physics TSUNAMI) were amplified in a two-stage Ti:sapphire amplifier. After pulse selection and amplification in a regenerative amplifier a second multipass amplifier was used to generate 100 ps pulses with pulse energies of ∼50 mJ. The Ti:sapphire amplifier was pumped with the frequency-doubled radiation of a Nd:YAG laser (Spectra Physics GCR270). Finally, the short pulses were frequency tripled with a BBO third harmonic generator to the UV. Tuning the Ti:sapphire laser to a wavelength of 798 nm, the laser system generates pulses with a wavelength of 266 nm, a repetition frequency of 10 Hz, a pulse duration of 100 ps and an energy of 5-7 mJ/pulse.
Cw mode-locked femtosecond Ti:sapphire laser. For the femtosecond experiments we have used an Ar + ion laser-pumped cw mode-locked Ti:sapphire laser (Spectra Physics TSUNAMI). The Ti:sapphire laser produces 20 fs pulses in a wavelength range between 720 and 850 nm. With a harmonic generator, pulses at the second and third harmonic frequency were generated and could be used simultaneously. This set-up generates femtosecond pulses in a wavelength range between 240 and 283 nm (third harmonic) with a repetition frequency of 82 MHz, a pulse duration of 200 fs and an energy of 1 nJ/pulse (Fig. 2B ). 
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Analysis of crosslinked DNA-protein complexes
Samples were irradiated in microcentrifuge tubes with an unfocused UV beam. The irradiated samples were heated to 100_C with 1/3 vol SDS sample buffer (200 mM Tris-HCl, pH 6.8, 8% SDS, 0.4% bromophenol blue, 40% glycerol, 1% 2-mercaptoethanol, 1 M urea) (7) for 5 min and loaded onto an 8% SDS-polyacrylamide gel. After electrophoresis, the gel was dried and analysed with a PhosphorImager. The fraction of crosslinked DNA probe was multiplied by the fraction of DNA complexed with PR, as determined in the band shift assay. This new parameter is called the crosslink yield.
Analysis of the integrity of DNA
A plasmid containing the complete MMTV promoter was irradiated, cleaved with the restriction enzyme HaeIII (Boehringer Mannheim) and analysed by 30 cycles of primer extension using the 32 P 5′-end-labeled primer 5′-GACGAGCGGAGACGGGATGGC-GAACAG-3′. Reaction products were visualized on a 6% sequencing gel followed by analysis of the dried gel on the PhosphorImager. The amount of full-length extension products obtained from UV-irradiated DNA was divided by the amount of full-length extension products obtained from unirradiated DNA. This number is operational information, qualitatively reflecting the amount of intact DNA (extendable DNA), and does not represent a stringent measurement of DNA damage. The fraction 
RESULTS
We have previously shown that purified PR binds specifically to an oligonucleotide containing a consensus HRE (18) . To demonstrate that this also applies to the recombinant PR under the conditions used for our crosslinking experiments, we performed band-shift assays (Fig. 3A) . The results show that recombinant PR specifically binds to the HRE oligonucleotide used for crosslinking in this study (Fig. 3B) . Specific binding is not affected by UV laser irradiation under the standard conditions described below (data not shown). To avoid non-specific binding at high protein concentrations, we used subsaturating amounts of PR for the crosslinking experiments, leading to 50-70% binding of the radioactive oligonucleotide (Fig. 3B) . Competition experiments with various oligonucleotides confirmed the specificity of HRE recognition under these conditions (data not shown).
Crosslinked DNA was determined by SDS-PAGE as exemplified in Figure 4 . For practical purposes it was important to correlate the effect of increasing energy on crosslinking with its effects on primer-extendable DNA, as a significant decrease in intact amplifiable DNA could hinder subsequent analysis of the crosslinked products. The proportion of fully extendable DNA was determined by quantitating the products of a primer extension reaction after separation in a denaturing gel, as exemplified in Figure 5 . Radioactive HRE oligonucleotide was incubated with 9 ng PR as for the band-shift assays and subjected to irradiation with nanosecond (ns) or femtosecond (fs) UV laser pulses. Control samples and samples irradiated with various energies were heated to 100_C with 1/3 vol SDS sample buffer for 5 min and loaded onto an 8% SDS-polyacrylamide gel. The dried gel was exposed to X-ray film for either 48 (crosslinked PR
As one important parameter for the crosslinking process we first investigated the influence of applied energy on crosslinking efficiency. To understand the nature of the processes underlying the crosslinking event we varied the total amount of energy, the energy per pulse and the pulse duration, ranging from nanoseconds to pico and femtoseconds. The relative accuracy for determination of absolute crosslink yields performed with a PhosphorImager was better than 5%. Measurement of the amount of primer-extendable DNA, which was used to determine the effective crosslink yield, was accurate to ∼15%.
Nanosecond pulses
In these experiments we applied different numbers of laser pulses, with a fixed wavelength of 266 nm, a fixed pulse duration of 5 ns and a fixed energy per pulse of 20 mJ. We irradiated DNA samples incubated with PR for determination of crosslinking yield and in parallel we irradiated the DNA samples alone for estimation of intact DNA in primer extension experiments. With increasing number of pulses we observed an increasing crosslink yield (Fig. 6A, rhombs) , which saturated at a total applied energy of 500 mJ. The reasons for saturation at high energies are not obvious and will be discussed below. The amount of operationally intact DNA, i.e. DNA which can be primer extended, also decreases with the number of pulses, probably reflecting increased damage to DNA with increasing energy. Therefore, the effective crosslinking yield (Fig. 6A, squares) decreases for energies >1500 mJ.
In the next set of experiments we used the high energy Nd:YAG laser (Spectra Physics DCR2) and varied the energy per pulse. The relationship between crosslink yield and pulse energy was non-linear (Fig. 6B) , suggesting a change in the crosslinking processes when going from lower to higher pulse energies. We also observed a decrease in the amount of primer-extendable DNA using higher energy per pulse. However, the effective crosslink yield increases with pulse energy due to a greater effect of this parameter on crosslink yield than on the amount of damaged non-extendable DNA.
In order to investigate whether cumulative processes take place, we varied the repetition frequency, i.e. the temporal distance between two pulses, between 1 and 10 Hz. In the case of Figure 5 . Analysis of the integrity of DNA. Samples containing a plasmid with the MMTV promotor were irradiated, cleaved with the restriction enzyme HaeIII and analysed by 30 cycles of primer extension (see Materials and Methods). The reaction products were separated on an 8% sequencing gel. Lanes 1 and 7, unirradiated control; lanes 2-6, samples irradiated with a quadrupled Nd:YAG laser (5 ns, 30 mJ/pulse, 266 nm) with increasing amounts of applied energy (30, 150, 300, 1500 and 3000 mJ); lanes 8-12, samples irradiated with a cw mode-locked femtosecond Ti:sapphire laser (200 fs, 1 nJ/pulse, 266 nm) with increasing amounts of applied energy (160, 400, 800, 1600 and 3200 mJ). A decrease in the amount of full-length product, 289 bp, with increasing energy is obvious.
cumulative processes there should be a dependence of crosslink yield on pulse repetition frequency. However, we found no significant influence of this parameter on absolute or relative crosslink yield for a repetition frequency of up to 10 Hz (data not shown). We therefore conclude that the processes leading to crosslinking are terminated after each pulse within the repetition frequency range we have studied.
Picosecond pulses
In the picosecond experiments the maximum energy per pulse generated at a wavelength of 266 nm was 3 mJ, obtained from the Ti:sapphire-oscillator-amplifier system. First we irradiated with 100 ps pulses and an increasing number of pulses, using a fixed wavelength (266 nm), fixed pulse duration (100 ps) and fixed energy per pulse (3 mJ). The crosslink yield (Fig. 7A, rhombs) increased dramatically with the total energy of irradiation and the total yield was 5-to 6-fold higher than with nanosecond pulses. There was also an indication of saturation at energies >1000 mJ.
The amount of intact extendable DNA decreased in parallel with increasing total energy and was also higher than with the nanosecond laser pulses, leading to saturation of the effective yield (Fig. 7A, squares) . Nevertheless, the effective crosslink yield was 4-fold higher with picosecond than with nanosecond 
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pulses, due to a more prominant increase in crosslink yield with shorter pulses.
To investigate the effect of increasing energy per pulse on crosslinking efficiency, samples were also irradiated at fixed wavelength, fixed pulse duration and repetition frequency, keeping the total amount of applied energy constant (300 mJ). We found greater crosslinking with increasing energy per pulse (Fig. 7B,  rhombs) . Similarly, effective crosslinking increased with increasing pulse energy, but the curve saturates at pulse energies >1 mJ, corresponding to an intensity of ∼10 12 W/m 2 , due to the decrease in primer extendable DNA (Fig. 7B, squares) . Thus, increasing the pulse energy within the range tested did not improve effective crosslink yield significantly.
Femtosecond pulses
In this experiment the cw mode-locked femtosecond Ti:sapphire laser was tuned to a wavelength of 792 nm, corresponding to a wavelength of the third harmonic of 264 nm. The energy per 200 fs pulse reached 0.25-1 nJ.
First, we irradiated with an increasing number of laser pulses at a fixed energy per pulse of 1 nJ. We found a steep increase in Figure 7 . Crosslinking with picosecond pulses. (A) The dependence of the crosslink yield (rhombs) and the effective crosslink yield (squares) on the total amount of applied energy (0-300 mJ) after irradiation with a Ti:sapphire laser system (100 ps, 3 mJ/pulse, 266 nm). (B) PR crosslink yield (rhombs) and effective crosslink yield (squares) after irradiation with various pulse energies (0-3 mJ) and fixed total amount of energy (300 mJ) generated by a Ti:sapphire laser system (100 ps, 266 nm). Figure 8 . Crosslinking with femtosecond pulses. PR crosslink yield (rhombs) and effective crosslink yield (squares) after irradiation with various total amounts of energy (0-3200 mJ), a repetition frequency of 82 MHz and a fixed energy of 1 nJ/pulse generated by the Ti:sapphire femtosecond set-up (266 nm, 200 fs).
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crosslinking yield up to ∼15% of crosslinked protein-DNA complexes at 800 mJ, followed by a less steep increase at higher total energy, reaching 30% crosslinking at the maximal energy of 3200 mJ (Fig. 8, rhombs) . The effective crosslink yield showed a maximum of 4.8% crosslinking at 800 mJ total applied energy (Fig. 8, squares) , because the amount of primer-extendable DNA Figure 9 . Comparison of the crosslinking efficiency with pulses of different length. The figure shows the best absolute (A) and effective crosslink yields (B) of PR determined after irradiation with nanosecond (ns), picosecond (ps) and femtosecond pulses (fs). The effective crosslink yield was determined by multiplying the crosslink yields by the fraction of amplifiable DNA.
decreased with the increase in energy. At maximal energy very little DNA remained intact and extendable in our assay, yielding very low effective crosslinking.
In another experiment we irradiated the samples at a fixed wavelength, fixed pulse duration and repetition frequency and kept the total amount of applied energy constant (300 mJ) to investigate the effect of increasing energy per pulse on crosslinking efficiency. In the range 0.2-1 nJ/pulse we observed no significant change in crosslink yield (data not shown).
A comparison of the optimum absolute (Fig. 9A ) and effective ( Fig. 9B ) crosslink yields obtained with nanosecond, picosecond and femtosecond pulses shows that the shorter pulses were more efficient. The effect is less pronounced when effective crosslinking is measured due to the higher DNA damage with shorter pulses, but, nevertheless, a significant improvement from values <1% with nanosecound pulses to values close to 5% with femtosecond pulses is observed.
DISCUSSION
The experiments with nanosecond and picosecond pulses (Figs 6 and 7) show that with an increasing total amount of energy and the other parameters fixed, crosslink yield increases due to repetition of a process which is completed after each pulse. The fact that with nanosecond pulses the crosslink yield reaches a plateau at ∼500 mJ total energy is probably not due to damage of the protein, as irradiation of PR does not reduce binding (data not shown). More likely it reflects increasing DNA damage with repeated pulses, leading to a decrease in the concentration of intact DNA molecules productive for binding and crosslinking.
There are two possibilities for a two photon transition which leads to crosslinking. In both cases the first photon excites the S 0 -S 1 transition. From the S 1 state (see Fig. 1 ) a second photon can directly promote the excited DNA base to the high singlet level S N , which causes crosslinking. As there is a certain probability for intersystem crossing (typical intersystem crossing rates are k isc = 10 9 /s), a fraction of the excited molecules will relax to the first excited triplet state T 1 . From T 1 a second photon can lead to excitation of high triplet states T N , which can also cause crosslinking.
The ratio m(S 1 /T 1 ) (20) between excitation via the singlet or triplet path depends on the pulse length of the exciting laser, the effective lifetime of the excited singlet state S 1 and the intersystem crossing rate. Cumulative effects can be neglected in the case of a repetition frequency of 10 Hz, which is small compared with all rate constants. m(S 1 /T 1 ) can be expressed as:
where τ eff is the effective lifetime of the singlet state S 1 , φ isc is the intersystem crossing quantum yield and ∆τ p is the pulse length.
With published values for thymine [τ eff = 1.2 × 10 -12 s (21) and φ isc = 0.62 × 10 -2 (22) ] and the pulse lengths used in our experiments we obtain: ∆τ p = 100 ps, m(S 1 /T 1 ) = 1.94; ∆τ p = 5 ns, m(S 1 /T 1 ) = 0.039.
Excitation via the singlet path obviously dominates for 100 ps long pulses, whereas in the case of 5 ns pulses the triplet path is more effective. This can be understood also in terms of the ratio between pulse lengths and the intersystem crossing time constant τ isc = 1/k isc . For ∆τ p << τ isc , as in the case of 100 ps pulses, there will be a negligible population in the T 1 state during the pulse, whereas in the case of ∆τ p >> τ isc a substantial fraction of the excited molecules will reach triplet state T 1 during the pulse length. Only at very high intensities is there also an additional excitation via direct two photon excitation from the singlet state with long (5 ns) pulses. The steep increase in crosslinking efficiency seen in Figure 6A starting at high pulse energies is an experimental indication for this two photon excitation.
In order to distinguish between the influence of pulse length and pulse intensity on crosslinking efficiency we have to compare crosslinking efficiency for the same pulse intensities and the same total amount of applied energy but of different pulse lengths. This can be done by using the results shown in Figures 6A and 7B . A pulse intensity I of 10 12 W/m 2 for 5 ns pulses (30 mJ, 5 ns, 10 -5 m 2 ) and 100 ps pulses (0.6 mJ, 100 ps, 10 -5 m 2 ) leads to crosslinking efficiencies of 0.63 and 2.54% respectively. This clearly indicates that the singlet crosslinking path is more efficient compared with triplet-mediated crosslinking.
The critical parameter in UV laser crosslinking of proteins to DNA is not the total amount of energy but a combination of intensity and pulse length. Pulse length determines which path is used to initiate crosslinking. Although the singlet path is more efficient, it is difficult to achieve singlet excitation because of the very short effective lifetime in the singlet state S 1 . Pulses with a pulse length well below the effective lifetime of S 1 should lead to pure singlet-mediated DNA-protein crosslinking. The experiments with 200 fs UV pulses support this assumption. Absolute crosslinking efficiency is increased by more than a factor of six compared with crosslinking efficiency obtained with picosecond and nanosecond pulses. It should be pointed out that the peak intensity of the femtosecond pulses is about a factor of 100 smaller than the intensity of both nanosecond and picosecond pulses (Fig. 9 ). This clearly indicates that pulse length is the dominant factor for improvement in absolute crosslinking efficiency. The increase in relative crosslinking efficiency is somewhat smaller and reaches a maximum at ∼4%. This reduced increase is caused by the high repetition frequency of the femtosecond Ti:sapphire laser. The time between two consecutive pulses is ∼12 ns and small compared with the long lifetime of the triplet states (1 µs). Therefore, a substantial population accumulates in the triplet states, which obviously leads to a decrease in intact primer-extendable DNA and, thus, to a dependence of relative crosslinking efficiency on total energy, which exhibits a maximum. A reduction in pulse repetition rate should eliminate this cumulative effect and lead to highly efficient singlet state crosslinking.
One problem with UV laser crosslinking is the difficulty of comparing results obtained with different proteins and different DNA sequences. This is due to differences in the nature and strength of the interaction and to the involvement of different amino acid side chains and DNA bases. In some cases water molecules mediate the contacts between amino acids and DNA bases. We find quantitative differences in crosslink yields between different proteins, including the glucocorticoid receptor and NF1 (data not shown). However, the dependence of crosslinking on the different radiation parameters was very similar for the different proteins, suggesting that the underlying mechanisms are also similar.
In conclusion, crosslink yield strongly depends on the intensity and length of the applied UV laser pulses. By changing the pulse length the path leading to crosslinking can be chosen. For a pulse length shorter than the intersystem crossing rate constant, singlet-mediated crosslinking dominates, whereas pulses which are long compared with the intersystem crossing rate constant lead to crosslinking via the triplet channel. Comparing nanosecond and picosecond pulses, crosslinking via the singlet states is 4-to 6-fold more efficient. The absolute value for our crosslink efficiency reached 5%. Although the amount of correct amplified DNA decreases as well, the effective crosslink yield is still 4-fold higher after irradiation with picosecond pulses compared with nanosecond pulses. Using femtosecond pulses an even higher crosslink yield can be obtained. In our experiments we have obtained a maximum absolute crosslink yield of up to 30%. This high crosslink yield makes the method of UV laser-induced crosslinking very attractive for the investigation of transient DNA-protein interactions and binding kinetics in intact cells. A reduction in pulse repetition rate should drastically reduce cumulative effects from the long-lived triplet states and should lead to a considerable improvement in effective crosslink yield. As a consequence, the investigation of transient DNA-protein interactions and binding kinetics in intact cells should become possible with this method of femtosecond UV laser crosslinking.
